The present paper critically analyzes the potential for commercially available nanoparticles for enhancing the flame-retardant properties of synthetic and natural fabrics and their corresponding blends. Each nanoparticle has been applied to the fabric through a finishing-like process (namely impregnation/exhausting or, more simply, nanoparticle adsorption) in aqueous media and the resulting properties of these fabrics have been assessed in terms of combustion behavior by use of a cone calorimeter under a heat flux of 35 kW/m 2 . The influence of these nanoparticles on the main combustion parameters of polyester, cotton, and some of their blends has been thoroughly discussed. As a result of this discussion, a flame-retardant efficiency ranking of the nanoparticles under review has been established.
Introduction
The flame retardancy of fibers and fabrics is currently one of the most important topics in both industry and academics. Indeed, recent fire statistics [1, 2] point to domestic accidents involving a small flame in the presence of natural and synthetic fibers as one of the most common causes of the fatalities in domestic dwelling fires. For this reason, the standards and norms to produce flame-retardant fibers and fabrics for numerous application sectors, such as protective garments, upholstery, furniture, mattresses and bed linens, have become very strict, especially in the UK. Within this scenario, common industrial and academic practices often rely on flammability tests, such as limiting oxygen index (LOI) or vertical/horizontal flame spread tests, as useful methods to completely describe how a fabric may behave in a realistic fire scenario. These tests are not completely reliable, however, and as already shown in the literature [3] [4] [5] , these tests are only able to describe the ignitability of a material (both textile and plastic) when subjected to a direct small flame application; furthermore, they do not provide any additional helpful information about the combustion behavior of the same material when irradiated by the heat flux developed by flame. To this aim, more sophisticated instrumentation like the oxygen consumption cone calorimeter can be considered a very useful tool [6, 7] . Sometimes a commercial product sold as being made of a flame-retardant material can have surprising results in these flammability tests, as they are not efficient in delaying or blocking the combustion of a polymer under a certain heat flux [8, 9] . In fact, the LOI values and combustion data collected by cone calorimetry are often not in agreement. In the past, high LOI values have been accepted as an indication of flame retardancy for a product; at present, however, this standard is not yet sufficient in order to guarantee a high safety level and has never been used as an official test standard for textiles. Indeed, the new standards for transportation, automotive, furniture and protective garments require high performances of the fabrics to the radiating panel or cone calorimetry, in addition to high LOI values [10] [11] [12] .
Together with the optimization of the characterization techniques available to describe a realistic fire scenario, great attention has also been focused recently on the chemical nature of the employed flame retardant. As it is well known, the need to find halogen-free additives for synthetic fibers is becoming urgent, as well as the necessity to replace formaldehyde-based additives for cotton [13, 14] . In this contest, flame retardants containing phosphorus compounds seem to be the most promising and suitable, although their efficiency is low if compared with that of halogens and their derivatives. On the other hand, some of the latter have been found to be toxic, bio-accumulative, and even carcinogenic [15] . Over the last few years, the use of nanoparticles in the flame-retardancy field has shown encouraging results and seems to be a valid alternative, in particular when applied as coatings on fabric surfaces [16] [17] [18] . In addition, the low amount of nanoparticles normally employed (<1-2 wt%) can be seen as a great advantage. Nevertheless, not all the nanoparticles available in the market are able to act as flame retardants for all substrates. Their chemical nature plays a key role in the combustion behavior of the polymer. Furthermore, the procedure by which the nanoparticles can be deposited onto textile fibers or fabrics must be considered fundamental and pivotal for a possible industrial application. With this purpose, different approaches can be used: indeed, nanoparticles can be directly synthesized in situ on the fibers and fabric surfaces through techniques such as sol-gel processes, or alternatively, preformed nanoparticles can be deposited on the fabric surface by using new approaches like Layer-by-Layer (LbL) assembly or nanoparticle adsorption [14, 18, 19] . In the latter case, both natural and synthetic fabrics are initially impregnated with stable aqueous suspensions of nanoparticles and subsequently thermally treated; this process mimicking the typical impregnation/exhaustion procedure currently employed in the wet processing textile industries for conferring numerous properties to fabrics.
The present work compares the use of nanoparticles bearing different chemical structures and aspect ratios as potential flame retardants for polyester, cotton and two of their blends. The flame-retardant properties achieved have been investigated by cone calorimetry. Particular attention has been paid to the application procedure, and the use of dispersing agents or binders has been taken into consideration in order to increase the nanoparticle dispersion level, as well.
This analytical comparison deals with new results as well as preliminary data already published [9, 18] and collected only by the authors of the manuscript.
Experimental Section

Materials
Polyester (PET, area density = 171 g/m A wide set of nanoparticles was tested as possible flame retardants; their characteristics are listed in Table 1 . In order to improve their adhesion to the fabric, some dispersing agents and binders were also employed. Tables 2 and 3 summarize their chemical formulas and characteristics.
Fabric Treatments
Fabrics (100 × 100 × 0.5 mm 3 ) were immersed for either 30 or 60 min in an aqueous nanoparticle suspension at known concentration (reported in Table 1 ), depending on nanoparticle dispersibility in aqueous medium. After the impregnation, the fabrics were initially dried at room temperature and subsequently placed in a compression molding machine (2.5 ton of pressure) at 200 °C for 10 min in order to fix the particles onto textile fibers.
When a dispersing agent was used, PES (dicarboxylate ester, Table 1 ), NSI or WP (sodium polysulfonatenaphthalene or sodium polyaminophosphonate, Table 2 ) was added in 0.3 wt% water suspension of nanoparticle for 1 h and mixed for 30 min before fabric impregnation. Subsequently, fabrics were treated following the procedure described above. The concentrations of the employed dispersing agents are detailed in Tables 4-6 . More specifically, the nominal concentration ratios between ISO 5659. B500 and CNa (sodium cloisite) were set at 1:4, 1:2 and 1:1 (Table 4) while that for NSI:HT (hydrotalcite), WP:HT, NSI:SiO2, WP:SiO2 (Table 5) and NSI:CNa (Table 6 ) was set at 1:1.
Furthermore, polyester and cotton were also treated with some binders (Table 3) in order to covalently link HT, bohemite, sodium cloisite and octapropylammonium polyhedral oligomeric silsesquioxane (POSS). More specifically, the nominal nanoparticle amount was set at 1% owf (on weight of fabric) for all samples. The binder concentration was set at 1% owf for PES, A, B, C, and E, while 3% owf for D binder as recommended by Europizzi s.p.a. (Bergamo, Italy) for the one-pass conventional continuous process.
Combustion Characterization
Cone calorimetry (fire testing technology, FTT) was employed to investigate the combustion behavior of square samples (100 × 100 × 0.5 mm 3 ) under an irradiative heat flux of 35 kW/m 2 in a horizontal configuration, following the procedure described elsewhere [18] . The fabrics were placed in a sample holder and maintained in the correct configuration by a metallic grid. Time to ignition (TTI, s), total heat release (THR, kW/m 2 ), effective heat of combustion (EHC, MJ/kg), heat release rate (HRR, kW/m 2 ) and the corresponding peak value (pkHRR, kW/m 2 ) were measured. The fire performance index (FPI, sm 2 /kW) was also calculated as TTI to pkHRR ratio. This last parameter was calculated in order to establish a ranking of the most efficient nanoparticles for improving the flame retardancy of polyester, cotton and their blends. Indeed, it is claimed by [20] that the higher the FPI, the better the flame-retardant performances. Furthermore, total smoke release (TSR, m In order to ensure reproducible and significant data, for each sample, the tests were repeated four times and standard deviation was calculated and added to each parameter value in Tables 4-12 which list the data collected for all experimental fabric samples studied in this current work. All fabrics were conditioned in a climatic chamber at 23 ± 1 °C 50% R.H. (relative humidity) for at least 24 h before the combustion tests.
Results and Discussion
In order to better highlight the correlation between nanoparticle chemical structure and aspect ratio and the resulting flame-retardant properties imparted to fabrics, the discussion about the data collected by cone calorimetry will be reported in the following headings on the basis of shape factors through which nanoparticle families are classified in Table 1 .
Lamellar Nanoparticles
Montmorillonites
Polyester fabrics: as far as montmorillonites are considered, sodium cloisite (CNa) appears to be responsible for a significant TTI increase (192 vs. 160 s, respectively for PET + CNa vs. PET, Figure 1 , where, in addition, the effect of the other nanoparticles is described.
This finding suggests that PET combustion mechanism is partially changed; indeed, the nanoclay acting as an insulating physical barrier somehow protects polyester from heat and oxygen during combustion; therefore, the ignition time is delayed and effective heat is reduced (a lower amount of polymer burns) (Figure 1 In order to further increase PET−CNa interactions, a pre-treatment of the fabric by cold oxygen plasma (etching) was undertaken with different conditions of power and time (Table 7) , as already demonstrated by our group in a previous paper [21] . In this case, no dispersing agent was employed to further increase the amount of nanoparticles in aqueous suspension.
The results collected by cone calorimetry and scanning electron microscopy (magnifications in ref. [21] ) show how the plasma pre-treatment can increase both clay surface density and the interactions between inorganic nanoparticles and PET surface. The best sample (PET+CNa_5) has exhibited an increase in time to ignition up to 104% and a reduction in the heat release rate of 10%. In the opinion of the authors, the highest risk connected with the proposed approach of nanoparticle adsorption (namely, simple impregnation) can be the low swelling factor of the nanoclay within the aqueous medium; in this manner, a low amount of nanoparticles could be deposited on the fabric surface. For this reason, in the present study, the use of dispersing agents has been taken into account in order to increase the dispersion level of available sodium cloisite. To this aim, a sodium polyacrylate binding agent (B500 , Table 2 ), commonly used in industrial fabric finishing, was employed in different concentrations (B500: CNa = 1:4, 1:2 and 1:1, respectively) and the behavior of so-treated fabrics have been investigated (Table 4 ). The presence of this species strongly influences PET TTI values such that they decrease (90, 78, and 73 s vs. 160 and 192 s for neat PET or PET + CNa) (Figure 1) . A possible explanation can be related to the low thermal stability of the employed polyacrylate. Upon exposure to the cone heat flux, the early degradation of the polyacrylate could lead to the production of an overall increased amount of combustible volatiles, thus sensitizing the ignition of the sample. In spite of these results, it is possible to observe a significant reduction of (i) the combustion kinetics parameters in terms of pkHRR ( Figure 1) ; (ii) smoke generation (TSR and SEA) and (iii) CO and CO2 yields as compared with the treatment with sodium cloisite alone. It is likely that a higher amount of nanoparticles have been deposited on the fabric surface, creating a more efficient physical barrier during PET combustion. However, from an overall consideration, assessing the FPI values for these systems, it is possible to conclude that the use of the B500 dispersing agent in combination with the CNa does not improve the flame-retardant properties of cotton as well as when only sodium cloisite is present (Table 4) . The same nanoparticle has been tested using a PET fabric having a higher area density rather than of that previously used (490 g/m 2 vs. 171 g/m 2 ). The data collected in Table 5 show that sodium cloisite is not effective in enhancing the flame retardancy of this heavier weight polyester. This can be ascribed to the denser structure of this fabric that inhibits nanoclay adsorption on PET surface. On the other hand, it is reasonable to conclude that doubling the area density will double the amount of fuel per unit area and that, if the level of clay is the same, it will be less efficient at reducing flammability.
Cotton: as far as cotton is concerned (Table 6 ), sodium cloisite shows that is able to increase its TTI in a remarkable way (38 s vs. 14 s for cotton + CNa and cotton, respectively), reducing pkHRR (87 kW/m /kW). Also in this case, the B500 chemical has been employed as dispersing agent for improving sodium cloisite dispersion level; once again, a strong decrease of cotton TTI occurs (regardless of B500:CNa ratio), but also a significant decrease of pkHRR is observed in comparison with the pure fabric, as shown in Figure 2 . However, the highest reduction was assessed when the B500:CNa ratio was 1:1.
An alternative dispersing agent under study has been sodium polysulfonatenaphthalene (NSI, Table 2 ). This species was assumed to be more promising than the sodium polyacrylate as it should not hydrolyze cotton and, in addition, naphthalene groups could promote cellulose carbonization, favoring a somewhat flame-retardant effect. In spite of these considerations, the performances of NSI-treated fabrics have not exhibited any improvements in terms of TTI, EHC and pkHRR (Table 6 ) if compared with the fabric treated with only CNa (Figure 2) . However, it is important to highlight that CNa (regardless of its amount) causes a substantial increase in total smokes and CO and CO2 yields. An alternative approach to increasing the nanoparticle amount deposited on the cotton surface has been the use of a binder able to covalently link the hydroxyl groups on CNa surface to the hydroxyl group of C(6) glucose unit present in the cotton cellulose structure. With this aim, dicyanamide−formaldehyde polymer, melamine−formaldehyde and dimethylol(dihydroxy)ethyleneurea (C, D and E species in Table 3 ) were employed to link different nominal amounts of sodium cloisite (namely, 1, 2 and 5 wt%). From the collected data (Table 6) , it is possible to conclude that all the chosen binders significantly affects cotton combustion, increasing TTI and decreasing pkHRR, regardless of nanoparticle amount. Also the smoke release has been reduced in the presence of these binders as compared with the cotton + CNa sample (TSR values).
Since sodium cloisite has shown some level of flame-retardant performances for both the polyester and cotton, two different blends of them were treated in a similar manner with the clay. Tables 8 and 9 show that CNa is an efficient flame retardant for PET:cotton = 85: 15 , respectively), regardless of blend composition. However, once again, the presence of CNa causes a strong increase of smoke generation during combustion.
Hydrotalcites
As it is well known [24] , hydrotalcites are anionic nanoclays with a chemical formula of Mg6Al2(CO3)(OH16)·4(H2O) ( Table 1 ). The high water content present in the structure of HT (hydrotalcite) can be responsible for a delay in TTI, as already demonstrated by our research group for both the polyester [9] (Figure 1 ) and cotton fabrics [23] . Indeed, these nanoparticles are able to partially protect a polymer from the heat and oxygen as they form a ceramic layer during combustion, releasing a great amount of water upon heating. In this manner, the degradation products released by the polymer are diluted, causing a significant delay of ignition. This has been observed on both synthetic (namely, PET) and natural (cotton) fabrics. In detail, comparing the data collected in Table 4 , it is possible to observe that PET TTI increases from 166 up to 226 s and pkHRR decreases from 90 to 56 kW/m 2 thanks to the presence of adsorbed hydrotalcite (Figure 1) . The use of a binder-like PES (Table 3) further promotes TTI increase (244 s and 226 s vs. 160 s for PET + PES + HT, PET + HT and PET, respectively). In the meantime, these nanoparticles significantly affect also the combustion kinetics as shown by comparing respective sample EHC and pkHRR values in Table 4 and plotted in Figure 1 . From an overall consideration, the highest FPI value registered is for the PET + PES + HT system in comparison with neat PET and the other lamellar-based systems under investigation Table 4 ). The same increasing trend in TTI has been observed using the polyester with the higher area density (148 s vs. 106 s for PET + HT and PET, respectively, Table 5 ). The use of different dispersing agents, however, did not suggest their use as means to further increase this parameter.
Referring to cotton, Table 10 reports the collected data of cotton treated with HT for two impregnation times (namely, 30 and 60 min): it is clear that this nanoparticle acts by the same way already observed for PET, by improving cotton TTI and significantly reducing pkHRR; as a consequence, the FPI value of HT-treated fabrics is higher than that of untreated cotton [22] . Comparing the two samples obtained with different times, it is possible to note that a more prolonged immersion time does not increase the nanoparticle effect and probable amount, and thus the resulting flame-retardant properties. ) by cone calorimetry [22] . As much as hydrotalcite has improved fire performance of polyester [9] and cotton [22] , analogous experiments and results for PET:cotton = 65:35 blend show that the TTI increases from 11 to 74 s ( Table 9 ).
Bohemites
As far as bohemites are concerned, theoretically these nanoparticles have intrinsic flame-retardant features as they are aluminum oxide hydroxides, the γ-AlO(OH), that dehydrate in the range of 100-300 °C, releasing water and subsequently transforming into crystalline the γ-Al2O3 phase at circa 420 °C [25] . In doing so, during the first degradation step, the volatile products generated by polymers under irradiation are diluted and the ignition is reached after a longer time as compared with pure polymeric material. Furthermore, the ceramic barrier due to the presence of the just-formed alumina inhibits the further combustion. Table 11 shows that p-toluenesulfonate salt bohemite (OS1) is able to delay cotton TTI (alone or covalently linked with some binders); furthermore, its pkHRR is significantly reduced, as are the production of smoke and CO and CO2 yields [23] . All formulations under investigations have exhibited a higher FPI value if compared with untreated cotton. ) by cone calorimetry [23] . Table 4 , Figure 1 ), but it does not decrease the combustion kinetics; indeed, the pkHRR is nearly constant. As a consequence, PET + OS1 exhibited a lower FPI value with respect to PET while for PET + PES + OS1 the opposite trend was observed (Table 4) .
Globular Nanoparticles
Globular nanoparticles such as titania (anatase crystalline form), silica and octapropylammonium POSS have been deposited on polyester [9] and cotton [22] . In the former case, apart from a slight reduction of pkHRR (Figure 1) , it is important to highlight their effect on smoke release: in particular, these nanoparticles significantly reduce CO and CO2 yields (Table 4) . This trend has been also found when polyesters with a higher area density and denser structure are treated by silica (Table 5) . However, silica does not provide the same results in terms of FPI which remains identical to that of neat polyester. The amount of nanoparticle present on the surface is likely very low and thus two dispersing agents (namely, NSI and WP, Table 3 ) were employed in order to increase the nanoparticle amount in suspension and consequently be available to impregnate fabrics. Indeed, comparing the TTI values reported in Table 5 , a significant increase depending on time immersion has been observed. Once again, the use of such agents has, however, caused an increase of pkHRR, already observed for hydrotalcite.
As far as cotton is concerned, silica turned out to be efficient in reducing its pkHRR, as is well shown by the collected data reported in Table 12 .
Negligible effects were found when silica was used for fire-protecting the blends under investigation, as demonstrated by the data reported in Tables 8 and 9 . ) by cone calorimetry [22] . Since the silica performance may be affected by its poor dispersion level in water, the authors have supposed that a silicon-based structure soluble in water, such as octapropylammonium POSS, could be suitable in order to create a silicon-based barrier for the fabrics. Table 6 and Figure 3 show that this molecule is able to impart significant enhancement of the flame-retardant properties relative to cotton, in particular when a binder such as melamine−formaldehyde (D) is employed [23] . The highest TTI, the lowest pkHRR and EHC have been found with a POSS nominal concentration of 5 wt%.
As far as polyester is concerned, Table 4 shows that such POSS can be considered a good flame retardant, able to increase the TTI and to decrease pkHRR (Figure 1 ), CO and CO2 production. Among the globular nanoparticles, POSS seems to be the most promising. 
Combination of Lamellar and Globular Nanoparticles
The results discussed above have pointed out that the low amounts of nanoparticles deposited on the fiber surfaces are not able to completely and homogeneously cover the fabric surface and, thus, the nanoparticles do not form an efficient physical barrier capable of protecting the substrate from fire.
Previous work has already demonstrated that the combination of lamellar and globular nanoparticles can be a useful means of reaching the optimal performances for enhancing the flame retardancy of polyester [9] and cotton [22] . In particular, the combination of a lamellar nanoparticle as hydrotalcite and a globular one such as silica appeared to be very efficient in increasing the TTI of polyester in a dramatic way ( Figure 1) ; in addition, further analyses have shown that this system is able to reduce the production of CO and CO2 in a remarkable way (Table 4) .
Similarly interesting results have been collected for cotton (Table 6 ) and for the PET:cotton = 65:35 blend (Table 9) , as well.
An alternative combination for cotton consisting of CNa and POSS has exhibited remarkable results (Table 6) , while varying the amount of nanoparticles or using a binder. More specifically, CNa was covalently linked to C(6) of cellulose using C, D or E binders (Table 3 ) and subsequently such fabrics were treated with a POSS water solution. The results in Table 6 show, from a general perspective, that this system turned out to be efficient for enhancing cotton's fire stability: all the parameters are improved as compared with those of pure cotton. However, the fabrics treated by only POSS have shown the highest improvements in fire performance, as evidenced by comparing all FPI values reported in Table 6 (when the amount of employed nanoparticles is fixed) and plotted in Figure 4 . 
Combination of a Commercial Phosphorus-Based Flame Retardant with POSS
For a possible industrial application, all the formulations studied by cone calorimetry have been tested following the ISO15025 standard that is a specific vertical fabric strip test for protective garments (data not given here). From an overall consideration, POSS turned out to be the most promising nanoparticle to enhance polyester flame retardancy. Indeed, these specimens do not burn when a methane flame was applied directly on a fabric surface. Unfortunately, the same trend has not been observed for cotton and the PET:cotton = 65:35 blend. For this reason, it was thought that a possible combination of a phosphorus-based flame retardant (namely, Pyrovatex ® -like [13] ) could be combined with POSS in order to enhance the overall flame retardancy level of such blends. Figure 5 shows the collected results of PET:cotton = 65:35 treated with this flame retardant at 10 wt% (the standard concentration commonly employed being 13%-19%) and different POSS amounts (namely, 5, 15 and 30 wt%) by cone calorimetry. By increasing the POSS amount, TTI increases and pkHRR decreases in a remarkable way and, in addition, the most interesting results are shown in Figure 6 , where the residues of tested specimens after combustion are reported. The final residue of the untreated blend is almost completely destroyed after the tests, whereas that of fabric treated by only a phosphorus-flame retardant consists of a thin film; on the contrary, this residue becomes more coherent and compact by adding POSS. Its consistency appears to be dependent on nanoparticle amount. 
Conclusions
In the present work, the use of a wide set of nanoparticle types and their combinations has been reviewed in order to establish the most efficient system able to enhance the flame retardancy of polyester, cotton and two of their blends. All the formulations taken into consideration have been studied from the combustion point of view, by using an oxygen-consuming cone calorimeter at 35 kW/m 2 . On the basis of the aforementioned results and, in particular, of the calculated FPI values, it is possible to establish a form of ranking of nanoparticles (from the least to the most efficient), determined by the protective role exerted on the fabric resistance to combustion: From this list and taking into account the unmodified PET, it is possible to conclude that one single type of nanoparticle is not able to confer optimal performances to polyester: indeed, the hydrotalcite−silica combination turned out to be the most efficient flame-retardant system. All the nanoparticles under study show similar behavior in that they improve cotton fire performance to varying degrees. 
